ABSTRACT -
INTRODUCTION
Atmospheric correction is one of the key steps to obtain surface reflectances from space borne optical instruments operating in the visible and near infrared domain. The main difficulty of this processing is the correction of the effects of atmospheric aerosols, because their abundance and nature is highly variable in time and place. In the visible domain, the Top Of Atmosphere (TOA) reflectance above dark targets (dense vegetation cover for instance) may change by more than 100% when comparing a hazy day to a clear day. To perform accurate atmospheric corrections, a good knowledge of the Aerosol Optical Properties (AOP) is necessary.
Some sensors e.g. MODIS (Remer et al, 2005) or POLDER (Deuzé et al, 2001 ) provide "global" data sets of AOP, but only once or twice a day, and only for cloud free pixels.
Since AOP and cloudiness change very quickly with time, it it is not only inaccurate but also sometimes impossible to use these data for then atmospheric correction of images acquired at a different hour. Moreover the accuracy of these estimates is not perfectly suited to perform an atmospheric correction: for instance POLDER products are only sensitive to fine aerosols (Deuzé et al, 2001 ) whereas MODIS products are not provided above bright surfaces Lastly, these products are delivered at a very coarse resolution : 10 km for MODIS, 21 km for POLDER.. A convenient alternative is to use the sensor imagery itself to detect aerosols and correct for their effect. However, the inversion of AOP from remote sensing images is not an easy task, especially above land. The difficulty can be explained easily with equation (1), which is a first order approximation of the atmospheric radiative transfer :
r TOA =t g .r surf .T atm AOP +r atm  AOP (1) where r TOA is the TOA reflectance, r surf is the surface reflectance, T atm is the atmospheric transmittance due to any extinction process other than the absorption of the direct beam by atmospheric gases are respectively the atmospheric transmittance due to any extinction or scattering process other than the absorption of the direct beam by atmospheric gases, r atm  AOP is the atmospheric path reflectance, and t g is the transmission of molecular gases in the atmosphere. In this equation, for the sake simplification, multiple scattering is neglected and gaseous transmission is computed separately,
In this equation, for each measurement of r TOA , we have two unknowns, the surface reflectance and the AOP, the gaseous transmission being accurately predicted using weather analyses (from the European Centre for Medium range Weather Forecasting (ECMWF) for instance) and ozone measurements from satellites (TOMS (Total Ozone Mapping Scanner) or OMI (Ozone Monitoring Instrument)). Despite this difficulty, the inversion of AOP has been attempted using various methods that require assumptions and advanced measurement techniques to determine simultaneously the surface reflectance and the AOP.
The sensors of POLDER family enable to invert aerosols thanks to multidirectional measurements of light polarisation (Deuzé et al, 2001 ). This method relies on the hypothesis that the earth surface polarisation is very low and can be well predicted. It gives very good results for aerosols made of small particles, but poor results for the larger particles such as desert dust.
Multidirectional measurements of reflectances are used to invert AOP with the ATSR sensor family (North, 2002) or with MISR sensor (Diner et al 2005) . Here the estimation of AOP relies on the hypothesis of similarity of the shape of the bidirectional reflectance (BRF) between the NIR (MISR) or SWIR (ATSR) and the visible spectral bands.
Another family of algorithms assumes a spectral relationship between surface reflectances measured in two or more spectral bands (Remer et al, 2005) . These methods are usually not very efficient on bright targets, and work better if a Short Wave Infra Red (SWIR) band is available. However, some interesting results have been obtained with MERIS sensor that has a set of spectral band very close to Venµs' (Guanter, 2007, von HoyningenHuene, 2003).
Our work focuses on the atmospheric correction of the images acquired by the Venµs satellite, scheduled to be launched in 2010. The Venµs mission (Dedieu et al, 2006 ) is a scientific mission in cooperation between the Israeli Space Agency (ISA) and the French Centre National d'Etudes Spatiales (CNES). Its aim is to demonstrate the usefulness of repetitive acquisitions of high resolution images for the monitoring of the dynamics of land surfaces. Fifty sites around the world will be imaged by Venµs, every second day, for two years. The resolution of Venµs products will be 10m, with a field of view of 27km. The instrument will deliver images in 12 narrow spectral bands ranging from 415 nm to 910 nm. One important characteristic of Venµs images is that a given site will be acquired with constant observation angles, at a constant local hour, thus minimizing directional effects: only sun angles , but since the satellite is on a sunsynchronous orbit, the variation within a month is just a few degrees.
As a consequence of this mission concept, the methods relying on the use of polarisation measurements, multidirectional observations or SWIR observations cannot be applied to Venµs. But Venµs has a unique feature that may be used to invert aerosols: the ability to make measurements with a 2day revisit period and constant viewing angles in 12 narrow spectral bands. The constant observation angles enable to minimize the directional effects, and usually, surface reflectance does not change a lot during a couple of days. Consequently, TOA reflectance variations during a couple of days are mainly related to atmospheric effects. Such a property was investigated with Landsat by Tanré et al, (1988) , but the study focused on the blurring effects and not on the reflectance variations because of the long time lag between two successive acquisitions.
Recent studies have shown the potential of using the short term temporal stability of surface reflectances to determine atmospheric properties from large fieldofview sensors (Lyapustin et al , 2007 , Popp et al, 2006 . Both studies provide good results in estimating simultaneously AOT and surface reflectances although their authors had to cope with the difficulties resulting from changing viewing angles (MODIS) or from coarse spatial resolution (MSG/SEVIRI). For Venµs, thanks to the constant viewing angle and the high resolution, it is possible to use the following assumptions:
the aerosol optical properties (AOP) vary quickly with time but usually slowly with location.
the surface reflectance varies quickly with location but slowly with time (with exceptions that need to be detected before aerosol inversions).
According to the above assumed properties, any quick variation of TOA reflectance is very likely to be due to a variation of AOP: this offers the opportunity to estimate the aerosol properties, and is the basis of our method for AOP retrieval. 
AOP INVERSION METHOD

Atmospheric Model
The atmospheric model we use in this study is the Successive Orders of Scattering code (Deuzé et al, 1988 The socalled "adjacency effect" (Tanré et al, 1981) , related to the blurring of images by light scattered by the atmosphere, is not addressed in this study. Although not negligible, this phenomenon has a second order effect that will be addressed in future versions of the algorithm.
Simulations
To design and test the AOP inversion methods, a simple simulator of TOA reflectance time series has been developed. The time series are generated in two steps:
• First, surface reflectance time series are simulated for a whole season, hence with varying sun angles, and for a given viewing angle configuration, using SAIL radiative transfer model (Verhoef et al, 1984) , coupled with the PROSPECT (Jacquemoud et al, 1990 ) and SOILSPECT (Jacquemoud et al, 1992 ) models that provide the Bidirectional Reflectance Distribution Functions (BRDF) of leaves and soil, respectively. Surface reflectance time series are simulated for all Venµs spectral bands and for 50 pixels with different Leaf Area Index (LAI), whereas the other simulation parameters (chlorophyll and dry matter content, soil reflectance) are constant for all pixels. In the general case, LAI values are randomly chosen between 0.1 and 5, while a degraded case is studied with LAI randomly chosen between 0.1 and 0.3. Then some "landscape noise" is added to account for short term variations of surface reflectances. This noise is simulated by a Gaussian random noise, and the robustness of the aerosol inversion has been tested against several values of the standard deviation of "landscape noise" (cf §2.4).
• Then, our direct atmospheric model is applied to obtain TOA reflectances, using a constant aerosol model with an aerosol optical thickness (AOT) that varies randomly as a function of time: the random AOT ranges from 0.1 to 0.7, following a uniform probability law. The aerosol model has a log normal size distribution with a modal radius of 0.10 µm and a refraction index of 1.440.003i, i.e. close to the continental category defined by Omar et al. (2005) . Finally, some random noise is added to the TOA reflectances to account for instrumental noise and registration errors: Venµs signal to noise ratio (SNR) is required to be better than 100 at 10 m resolution, but since the AOP will be inverted at a reduced resolution (100 m, cf chapter 3), we used a SNR equal to 400. The instrument SNR also includes the effect of registration errors, but in fact these errors are not an issue
with Formosat and Venµs since the aerosol estimation method will work at 100 meter resolution, whereas the standard deviation of registration errors is below half a pixel (4m for Formosat) (Baillarin et al, 2004 ).
Evaluation of Cost Functions
Our AOP inversion method is based on the minimization of a cost function : in this study, we have successively experimented two different cost functions which are presented hereafter. The cost function are minimised using a non linear leastsquares method, based on LevenbergMarquardt algorithm. When the AOT difference is low, the AOT estimate are not accurate any more. This was expected since the method has an important drawback: when two successive acquisitions have nearly identical AOP, our method is undetermined, since, when TOA reflectances of day D and D+2 are identical, any constant value of the AOT produces identical surface reflectances. Furthermore, one can note that in most cases, when the AOT difference is low, the retrieved AOT is below the 1:1 line: this is due to the non linearity of the atmospheric model. The origin of this phenomenon is given in Appendix 1. The plot on the right of Figure 2 shows that when the noise is increased, a higher value of the AOT difference is needed so that the AOT estimates stay accurate.
To cope with the problem highlighted in figure Of course, r su rf i , j , , D  has to be initialised for the first date of the time series : to obtain this initial value, the inverse atmospheric model is applied to the first image of the time series, with an a priori value of the AOP.
This new cost function has been applied to invert the AOT on our simulated data set. For this inversion, the initial surface reflectance was intentionally biased by introducing an error of 0.15 on the AOT of the first day. Figure 4 shows that the algorithm converges after a few days and that the inversion works well for consecutive days with similar AOT. Table   1 shows the standard deviation of the AOT and surface reflectance obtained for various values of the standard deviation of "landscape noise". The increase of "landscape noise"
causes an increase of the standard deviation of AOT errors and an increase of the bias.
This phenomenon is still related to the nonlinearity of the atmospheric model, explained in Appendix 1. Table 1 also clearly shows that the aerosol inversion uncertainty suddenly increases when landscape signal to noise ratio is worse than 100. Consequently, a detection of surface changes should be implemented to limit the "landscape noise" due to short term evolution of surface reflectances.
Sensitivity studies
Because of the lack of realism of our simulations of surface reflectance time series, it is not easy to perform a real error budget. However, we have studied the influence of various degradation causes on the accuracy of the results. The results are shown on table 2 and are to be compared to the nominal case (first line of table 2 which corresponds to the second line of Table 1 ).
For the simulations shown in table 1, a very optimistic hypothesis was used: the aerosol model in the simulations was the same as in the inversion. Table 2 . In this case, the bias of estimates disappears and the standard deviation is also reduced a little. The reason for this is that our inversion algorithm does not allow negative estimates of AOT. Suppose that the AOT has a negative bias equal to 0.05 : when a very low AOT appears in the simulations, the biased estimate should be negative, but because of the constraint to be positive, the estimate for the AOT is zero, which reduces the bias.
We have also studied (Table 2 /case 4), the impact of using only one spectral band (green band at 550 nm) to invert the optical thickness, instead of 2 spectral bands in the nominal case (450nm and 550 nm bands). In this case the performances are slightly degraded both for AOT estimates and surface reflectance. Of course, when using 2 spectral bands, the sensitivity to noise is reduced. For Venµs, at least 5 spectral bands (412, 443, 490, 565 and 620 nm) will be available for AOT estimates, and the performances should thus be enhanced.
Case 5 corresponds to a 5% error on the absolute calibration of the sensor : the TOA reflectances are 5% higher than what they should be. The consequences are an overestimation of surface reflectances, but the AOT error is only slightly increased.
Case 6 corresponds to the use of a more uniform landscape than in the nominal case :
since our method needs contrast to converge quickly, a degradation of performances is expected. In the nominal case, the LAI of the 50 simulated pixels ranged between 0.1 and when the surface reflectance is dark and the AOT increases, the decrease of transmittance has a very low impact, whereas, for a brighter surface reflectance, the transmittance decrease can compensate the atmospheric path radiance increase.
Results obtained with Formosat-2 data
The method based on the second cost function (eq. we use these two spectral bands, the retrieved AOT tends to be much more sensitive to surface reflectance variations.
Given the low number of available spectral bands, we try to invert the AOT only, and we AERONET data (cloud screened data), after interpolation at 550 nm and temporal average of in situ measurements collected in a one hour period centred on the satellite acquisition time. The error bars on the aerosol estimates express the standard deviation of the AOT during these one hour periods. When only one or two measurements are available, a two hour period is used for averaging, but the standard deviation is arbitrarily multiplied by 10, to underline that the measurement may be wrong because of the presence of clouds. For La Crau, two neighbourhoods in the quasidesert area are used, one in the very uniform part, the other one close to the edge of La Crau "desert". The latter neighbourhood contains pixels from an orchard.
From with these 3 figures, we can draw the following conclusions:
• there is a good overall agreement between Aeronet and Formosat2 AOT, except on • there is a good agreement in all figures between the Formosat2 AOTs estimated when a given date is used as day D or day D+2.
• On Fig 5 left , an initial AOT value of 0.2 is used, whereas on Fig 5 right , the initial value is 0.4. After one month, the AOT estimated by the algorithm do not depend any more on the initialisation value, showing a good convergence after an initial error.
• the AOT derived above various landscapes (e.g. forest on Fig 6 left and maize on Fig 6 right) are also quite consistent despite a distance of a few kilometres between the neighbourhoods.
• the TOA reflectance time series at 100m resolution are already quite smooth, thanks to the constant viewing angle;
• surface reflectances in blue, green and red spectral bands are smoother than TOA reflectances (see for instance • As shown in the sensitivity study, when the surface is too uniform, the aerosol inversion does not converge to the accurate AOT values. This can be seen on Fig 7 right, that corresponds to the very uniform part of La Crau "desert". However, even in this case, the relative variations of AOT still follow the Aeronet observations, and the surface reflectances are still smooth.
• some dates show suddenly larger TOA and surface reflectances in the NIR band:
for instance, for the forest surface in Muret site, on September 9 th and November 18 th ( Figure 6 ). While the surface reflectances in the visible bands after atmospheric correction are similar to the ones of the previous or next days, the contribution of thin clouds to the NIR reflectance is not well corrected. In fact, looking at the images ( See Fig 8) , we can see that these two dates are covered by semi transparent clouds that escaped the cloud screening because they are too thin. The extrapolation of the optical thickness measured in the blue and green bands to the NIR infrared via a continental aerosol model is of course inaccurate in the case of a thin cirrus cloud.
• Our Formosat2 data sets have some long data gaps (more than a month for Muret) because of satellite unavailability, programming conflicts with other user requests, or cloud cover. One can note (Fig 6) that even in this case, the AOT retrieved on the day after the gap is close to the Aeronet value. In case of a longer data gap, a reinitialisation of the algorithm would be necessary. The agreement between Aeronet and Formosat2 AOT measurements is quite good, and for a given date, the aerosol estimates obtained when the date is used as day D or day D+2 are also very consistent. For Muret, the r.m.s. difference of AOT between Formosat2
and Aeronet is around 0.08, for La Crau, around 0.09, for Tensift valley it is around 0.12.
The better performance for Muret is probably due to the lower surface reflectances (Fig. 10 left) , there are only a few cases when these estimates differ, in May or September 2006. In these few cases, the surface reflectance obtained with Formosat2 AOT appears smoother in the blue band, but it is difficult to determine if the error source is the Aeronet AOT estimate or an error from our algorithm that may interpret small variations of surface reflectances as variations of AOT. For Tensift (Fig.10 right) , the agreement on surface reflectances obtained with Formosat2 and Aeronet is still good in winter and spring, but surface reflectances derived from Formosat2AOT are lower in summer. This period corresponds to the time when our method is less efficient because surface reflectances are higher and more uniform and because the assumption of a constant aerosol model is probably false.
On Fig 11, 
CONCLUSIONS
We have developed a new method to invert aerosol optical properties from high resolution sensors with frequent revisit capacities and constant observation angles. The design phase of this algorithm was based on simulations: the simulations results showed that the method works well when the Aerosol Optical Thickness (AOT) varies significantly with time, but needs a regularization when AOT inversion is attempted with consecutive days with similar aerosol conditions. The cost function used in the inversion procedure has been modified to cope with this problem and the regularization proved successful.
The simulations also showed how the performances of aerosol inversion are sensitive to noise and to quick surface reflectance variations: an averaging to reduce noise is necessary and it is not possible to use this method at full resolution. Moreover, an algorithm for detecting abrupt changes in surface reflectance is required.
This method, designed for the Venµs mission, has been applied to three time series of It may also be worth trying to apply it to other satellites with a high revisit frequency and constant observations angles: for instance, the weather geostationary satellites (MSG, GOES) as well as CNES's POLDER2 mission have these features. ESA Sentinel2 future mission (ESA, 2007) might also benefit from this method: although the revisit time is somewhat longer than Venµs (5 days instead of 2) it should be sufficient for atmospheric correction in most cases, and the contribution of SWIR bands should help in detecting cirrus clouds (using 1.38 µm band) and surface reflectance variations (using 1.6 µm and 2.2 µm spectral bands).
In this study, we only tried to invert the AOT with a fixed aerosol model. Of course, it would be interesting to try to invert simultaneously the aerosol model and the AOT from the image data, but this requires a sufficient number of spectral bands to constrain the aerosol model. In this respect, the four spectral bands of Formosat2 do not provide enough information, but with the 12 spectral bands of Venµs, or the spectral richness of Sentinel 2, this task should be easier.
APPENDIX : explanation of the bias observed in the AOT retrieval
The bias observed on figure 2 is due to the fact that for a given surface reflectance, the amount of noise on the estimate of surface reflectance increases with the Aerosol optical thickness. This can be explained by the example of Fig 12 which is obtained as follows :
suppose we have a uniform landscape with a surface reflectance of 0.1. To obtain the corresponding TOA reflectance in Formosat blue band, we add atmospheric effects using the direct atmospheric model. In this example, we used an AOT at 550 nm equal to 0.1 
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